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Abstract
A monitor well was completed in January 2001 by the U.S. Geological Survey in the Kualapuu area of central Molokai, Hawaii that allows for monitoring the thicknesses of the freshwater body and the upper part of the underlying freshwatersaltwater transition zone. The well was drilled in cooperation with the State Department of Hawaiian Home Lands and the Maui County Department of Water Supply, and is located near the area that supplies much of the drinking water on Molokai. The well is at a ground-surface elevation of about 982 feet and penetrated a 1,585-foot section of soil and volcanic rock to a depth of 603 feet below sea level. Prior to casing, a cave-in caused the bottom 55 feet of the well to be filled with rocks originating from a zone above. Thus, the final well depth reported by the driller was 1,530 feet.
Measured water levels in the well during the period from February 1 to July 13, 2001 range from 8.68 to 9.05 feet above sea level. The most recent available water-conductivity profile from July 13, 2001 indicates that the lowest salinity water in the well is in the upper zone from the water table to a depth of about 220 feet below sea level. Below this upper zone, water salinity increases with depth. The water-temperature profile from July 13, 2001 indicates that the lowest temperature water (20.2 degrees Celsius) in the well is located in the upper zone from the water table to a depth of about 200 feet below sea level. Water temperature increases to 24.5 degrees Celsius near the bottom of the measured profile, 507 feet below sea level.
INTRODUCTION
Management of the ground-water resources of the island of Molokai, Hawaii has been hindered by the uncertainty in the vertical distribution of ground-water salinity in the aquifer in the Kualapuu area ( fig. 1 ), where demand for water is high. [For the purposes of this report, the Kualapuu area corresponds to the Kualapuu aquifer system (State of Hawaii, 1990) as defined by the State of Hawaii Commission on Water Resource Management (CWRM)]. In the State of Hawaii, vertical profiles of water salinity are commonly obtained from deep monitor wells. These profiles are used to estimate the thicknesses of the freshwater body and underlying freshwater-saltwater transition zone. Because of the need for information on the thicknesses of the freshwater body and freshwater-saltwater transition zone, the U.S. Geological Survey (USGS), in cooperation with the State of Hawaii Department of Hawaiian Home Lands (DHHL) and the Maui County Department of Water Supply (DWS), drilled a deep monitor well (State well number 4-0800-01) in the Kualapuu area between February 2000 and January 2001. This report documents (1) the well location, (2) drilling and wellconstruction information from the drillers, (3) geologic descriptions of the rock cuttings brought to the surface during drilling, (4) available water-level information, and (5) available information from water-conductivity and -temperature profiles from the deep monitor well. 
Regional Setting
The Kualapuu deep monitor well is located on the western flank of the East Molokai Volcano (fig. 2) . The surface rocks near the well were mapped as the lower member of the East Molokai Volcanics (Stearns and Macdonald, 1947; Langenheim and Clague, 1987) . The lower member of the East Molokai Volcanics consists of shield-stage tholeiitic, olivine-tholeiitic, and picritictholeiitic basalts, and postshield-stage alkalic basalt, and forms the bulk of East Molokai Volcano. Estimated ages of rocks of the lower member range from 1.47 million years (McDougall, 1964) to 2.00 ±0.86 million years (Naughton and others, 1980) . In general, the upper member consists of postshield-stage mugearite, with lesser amounts of hawaiite and trachyte, and forms a relatively thin veneer, about 50 to 500 ft thick, over the lower member (Stearns and Macdonald, 1947) . Estimated ages of rocks of the upper member are from 1.31 to 1.46 million years (McDougall, 1964) .
Numerous vent features, including cinder and spatter cones, exist along the western and southern flanks of the East Molokai Volcano. Many of the vents, including the cinder cone Puu Luahine, do not appear to lie along the trends of the two primary rift zones of the volcano ( fig. 2 ). The summit of Puu Luahine is about 3,000 ft south-southwest of the Kualapuu deep monitor well. The presence of vents in the Kualapuu area may indicate that low permeability intrusive rocks exist near the well.
In the southwestern part of the Kualapuu area, where the Kualapuu deep monitor well was drilled, a freshwater body overlies a brackish-water transition zone, which in turn overlies saltwater. Several production wells ( fig. 1 ) northwest of the Kualapuu deep monitor well develop water from the freshwater part of the system. Measured water levels from these wells generally have ranged from about 8 to 12 ft above sea level (Oki, 2000) .
Location
The Kualapuu deep monitor well is located in the central part of Molokai on land owned by DHHL and currently (2001) leased by the Molokai Homestead Livestock Association for grazing purposes. The well was drilled north of Kahuaawi Gulch at an elevation of about 982 ft (table 1) . The well is about 2.1 mi southeast of the intersection of highways 470 and 480 near the town of Kualapuu. Using the State of Hawaii wellnumbering system, CWRM assigned the number 4-0800-01 to the Kualapuu deep monitor well.
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DRILLING AND WELL CONSTRUCTION
The well was drilled by the air-rotary drilling method, in which compressed air and foam were injected down through the hollow drill stem and returned to the surface in the annular space between the drill stem and borehole wall to remove rock cuttings and water from the well. A summary of events and progress related to the well construction is provided in table 2.
The well was drilled to a depth of 700 ft with a 10-5/8-in. tricone bit. The well was then opened to a larger diameter with a 17-1/2-in. bit to a depth of 250 ft prior to setting 250 ft of nominal 12-in. solid (unperforated) steel casing. The remainder of the well, from depths of 700 to 1,585 ft, was drilled with a 9-7/8-in. tricone bit. The well is cased with 1,530 ft of 4-in. steel casing, the bottom 600 ft of which is perforated. Figure 2. Generalized surficial geology of Molokai, Hawaii (from Stearns and Macdonald, 1947; and Langenheim and Clague, 1987) . Hired a drilling company to lower a video camera down the well to inspect borehole conditions. October 2 to 6, 2000
Cleaned out bottom of well. October 10, 2000 to January 16, 2001 Drilled from depths of 1,305 to 1,585 ft. Difficult to keep bottom of well open because of caving. As much as 140 ft of rocks accumulated at the bottom of the well from the end of one workday to the beginning of the next. Used significant amount of foam to lift rocks off bottom of well. January 17 to 19, 2001 Cleaned out bottom of well. January 22 to 23, 2001 Set 1,530 ft of 4-in. steel casing, bottom 600 ft perforated January 24, 2001 Poured 3 cubic yards of grout in annular space, between 12-in. and 4-in. casings, to a depth of 110 ft.
Drilling below a depth of about 500 ft was hindered by severe caving conditions. From the end of one workday to the beginning of the next, as much as 140 ft of rock accumulated at the bottom of the well because of caving. Large volumes of foam, as much as 55 gallons per day, were used to help lift the rocks off the bottom of the well during drilling. Although the well was drilled to a depth of 1,585 ft, about 55 ft of rocks had accumulated at the bottom of the well between January 19 and 23, 2001, before the 4-in. steel casing could be set in place on January 23, 2001. As a result, the final depth of the well was reported by the driller to be 1,530 ft.
A concrete pad, about 4 ft wide and 4 ft long, was poured around the well. The elevation of a brass plate set in the southwest corner of the concrete pad is 981.90 ft, and the elevation of the top of the 4-in steel casing is 982.59 ft. (All elevations in this report are referenced to a mean sea level datum.) Construction details of the finished well are shown in figure 3.
GEOLOGIC LOG
The geologic log (table 3, at end of report) of the Kualapuu deep monitor well was compiled by examination of rock cuttings lifted to the ground surface by the force of the compressed air and foam injected through the hollow drill stem. Although samples were collected every 5 ft, the actual depth from which the samples originated is not well known. Many of the cutting samples contain a mixture of several volcanic-rock morphologies, such as both round vesicles and angular vesicles.
The Kualapuu deep monitor well penetrated a 1,585-ft section of soil and volcanic rock. The uppermost 80 ft of this section consists of soil and highly weathered rock. Below the upper 80 ft of section, rock cuttings consist of volcanic rocks with different texture, pore sizes and shapes, color, and mass, likely representing a sequence of numerous lava flows interbedded with zones of scoria.
WATER-LEVEL INFORMATION
The initial water level measured after completion of the well was 9.05 ft above mean sea level on February 1, 2001. Available water-level measurements for the Kualapuu deep monitor well during the period from February 1 to July 13, 2001 range from 8.68 to 9.05 ft above mean sea level (table 4) . Between February 1 and July 13, 2001, the measured water level declined by 0.37 ft.
WATER-CONDUCTIVITY AND WATER-TEMPERATURE PROFILES
An Ocean Sensors, Incorporated Model OS200 CTD tool was first lowered down the well on April 3, 2001 (about 2 months after drilling was completed) to measure conductivity and temperature of water in the well with depth. (CTD is an acronym for conductivity, temperature, and depth.) The CTD tool was lowered down the well a second time on July 13, 2001. On both occasions, the CTD was programmed to measure conductivity, temperature, and pressure at one-second intervals and was lowered at a rate of about 15-20 feet per minute using a stainless steel cable marked at 100-ft intervals. Water conductivity is an indicator of water salinity, with higher conductivity indicating higher salinity. The OS200 CTD measures water conductivity at the prevailing water temperature, and does not adjust the conductivity to a reference temperature (such as 25 °C), which would provide a measure of specific conductance. Measurement depths were computed from the pressure, conductivity, and temperature data. Depths were adjusted using a linear correction equation derived by comparing estimated depths from the pressure, conductivity, and temperature data with known depths (from the marked cable) at which the CTD was held during logging on April 3, 2001. The same correction equation was applied to adjust the estimated depths from the July 13, 2001 profile. increased with depth in the well. Water conductivity increased gradually from about 700 microsiemens/cm at a depth of 275 ft below sea level to about 3,000 microsiemens/cm at a depth of 400 ft below sea level. The average change of conductivity with depth in the lower part of the profile (from 400 ft below sea level to 507 ft below sea level, which represents the bottom of the measured profile) was greater than the average change measured higher in the profile (from the water table to 400 ft below sea level). At a depth of about 440 feet below sea level, the conductivity of water in the well was about 25,000 microsiemens/cm, and near the bottom of the measured profile the conductivity was about 46,000 microsiemens/cm.
For comparison, water pumped in 1997 from DHHL wells 1 (4-0801-01) and 2 (4-0801-02) in the Kualapuu area had specific-conductance values of about 300 to 400 microsiemens/cm. The corresponding chloride concentrations of pumped water ranged from about 60 to 120 mg/L (Hill and others, 1998).
Conductivity profile, July 13, 2001.-Conductivity of water in the well was lowest and nearly uniform (about 400 to 550 microsiemens/cm) from the water table down to a depth of about 220 ft below sea level ( fig. 4 ). Below this upper zone, conductivity of water increased with depth in the well. Water conductivity increased gradually from about 450 microsiemens/cm at a depth of 220 ft below sea level to about 3,000 microsiemens/cm at a depth of 400 ft below sea level. The average change of conductivity with depth in the lower part of the profile (from 400 ft below sea level to 507 ft below sea level, which represents the bottom of the measured profile) was greater than the average change measured higher in the profile (from the water table to 400 ft below sea level). At a depth of about 445 feet below sea level, the conductivity of water in the well was about 25,000 microsiemens/cm, and near the bottom of the measured profile the conductivity was about 46,000 microsiemens/cm. Comparison of measured profiles.-In general, water-conductivity and -temperature profiles indicate that an upper zone of nearly uniform water quality exists in the well, and this zone contains water with the lowest salinity and temperature relative to water lower in the well. However, between April 3 and July 13, 2001, the thickness of this zone decreased by about 50 to 60 ft. Aspects of the water-conductivity and -temperature profiles measured on April 3, 2001 differ from the water-conductivity and -temperature profiles, respectively, measured on July 13, 2001. A comparison of changes in water conductivity and temperature from April 3 to July 13, 2001 at common depths indicates that (1) cooler, lower-salinity water entered the upper part of the well, from the water table down to a depth of about 220 ft below sea level, (2) warmer water entered the well between depths of 220 to 420 ft below sea level, (3) higher-salinity water entered the well between depths of 230 to 340 ft below sea level, and (4) lowersalinity water entered the well between depths of 400 to 450 ft below sea level.
Continued monitoring of water quality in the well with time will provide the information necessary to evaluate whether the changes in water conductivity and temperature are related to (1) natural replacement of water that was lifted up the well during drilling, (2) vertical flow of water in the well caused by a vertical hydraulic-head gradient in the aquifer, (3) regional effects of time-varying ground-water recharge and withdrawal rates, or (4) other factors.
SUMMARY AND CONCLUSIONS
During February 2000 to January 2001, a monitor well was drilled in the Kualapuu area of central Molokai, Hawaii by the U.S. Geological Survey in cooperation with the State Department of Hawaiian Home Lands and the Maui County Department of Water Supply. The well is located at a ground-surface elevation of about 982 ft, near the area that supplies much of the drinking water on Molokai, and was designed to provide information necessary to effectively manage the ground-water resources in the area.
Measured water levels from the Kualapuu deep monitor well declined from 9.05 to 8.68 ft above mean sea level from February 1 to July 13, 2001. Water conductivity in the well generally is lowest (less than 700 microsiemens/cm) near the water table and highest (about 46,000 microsiemens/cm) near the bottom of the measured profiles that were collected on April 3 and July 13, 2001. Water temperatures in the well are generally lowest (less than 20.5 °C) near the water table and highest (about 24.5 °C) near the bottom of the measured profiles. Water-conductivity and -temperature profiles indicate that an upper zone of nearly uniform water quality exists in the well, and this zone contains water with the lowest salinity and temperature relative to water lower in the well. However, between April 3 and July 13, 2001, the thickness of this zone decreased by about 50 to 60 ft. Mixture of red, gray, and brown rock with sub-angular vesicles containing sparse plagioclase, olivine, and possibly pyroxene phenocrysts and dense gray aphyric rock -48 to -53 1,030 to 1,035 Mixture of red, gray, and brown rock with sub-angular vesicles containing sparse plagioclase microphenocrysts and dense gray aphyric rock -53 to -58 1,035 to 1,040 Mixture of red, gray, and brown rock with sub-angular vesicles containing sparse plagioclase microphenocrysts and dense gray rock containing sparse olivine phenocrysts -58 to -63 1,040 to 1,045 Mixture of red, gray, and brown rock with sub-angular to angular vesicles containing sparse plagioclase microphenocrysts and dense gray rock containing sparse olivine phenocrysts -63 to -68 1,045 to 1,050 Gray to dark gray rock with angular vesicles containing sparse olivine and plagioclase phenocrysts < 1.0 mm across -68 to -73 1,050 to 1,055 Mixture of dark gray aphyric rock with round vesicles and dense gray aphyric rock -73 to -78 1,055 to 1,060 Gray scoriaceous rock with many round vesicles containing sparse olivine phenocrysts -78 to -83 1,060 to 1,065 Mixture of dark gray rock with round vesicles containing sparse plagioclase phenocrysts and dense gray rock with sparse plagioclase phenocrysts -83 to -88 1,065 to 1,070 Mixture of dark gray and brown rock with round vesicles containing sparse plagioclase phenocrysts and dense gray rock with sparse plagioclase phenocrysts -88 to -93 1,070 to 1,075 Mixture of dark gray and brown rock with sub-angular vesicles containing sparse plagioclase phenocrysts and dense gray rock with sparse plagioclase phenocrysts -93 to -98 1,075 to 1,080 Mixture of dark gray and brown rock with sub-angular vesicles containing sparse plagioclase phenocrysts and dense gray rock with sparse plagioclase phenocrysts -98 to -103 1,080 to 1,085 Mixture of dark gray and brown rock with sub-angular vesicles containing sparse plagioclase phenocrysts and dense gray rock with sparse plagioclase phenocrysts -103 to -108 1,085 to 1,090 Mixture of dark gray and brown rock with sub-angular vesicles containing sparse plagioclase phenocrysts and dense gray rock with sparse plagioclase phenocrysts -108 to -113 1,090 to 1,095 Mixture of dark gray and brown and weathered rock with sub-angular vesicles containing sparse plagioclase phenocrysts and dense gray rock with sparse plagioclase phenocrysts -113 to -118 1,095 to 1,100 Mixture of dark gray-brown scoriaceous rock with round vesicles containing sparse plagioclase phenocrysts and dense gray aphyric rock -118 to -123 1,100 to 1, 
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